A new combined data of 5 well known type 1 AGN are probed with a novel hybrid method in a search for oscillatory behavior. Additional analysis of artificial light curves obtained from the coupled oscillatory models gives confirmation for detected periods that could have physical background. We find periodic variations in the long-term light curves of 3C 390.3, NGC 4151, NGC 5548 and E1821+643, with correlation coefficients larger than 0.6. We show that oscillatory patterns of two binary black hole candidates NGC 5548 and E1821+643 corresponds to qualitatively different dynamical regimes of chaos and stability, respectively. We demonstrate that absence of oscillatory patterns in Arp 102B could be due to a weak coupling between oscillatory mechanisms. This is the first good evidence that 3C 390.3 and Arp 102B, categorized as double-peaked Balmer line objects, have qualitative different dynamics. Our analysis shows a novelty in the oscillatory dynamical patterns of the light curves of these type 1 AGN.
INTRODUCTION
The optical emission of Active Galactic Nuclei (AGN) is of great complexity, containing the stellar component, the emission lines from narrow line region and broad line region (BLR), the black body emission of the accretion disc which is orbiting a supermassive black hole (SMBH), the re-emission from the molecular torus obscuring the accretion disc, and synchrotron and inverse Compton emissions (see e. g. Netzer 2013 , and references therein). Hence, optical variability studies give insight in geometry, physics and dynamics of AGN (Rees 1984; Torricelli-Campioni et al. 2000; Hawkins 2002; Sesar et al. 2007; Mushotzky et al. 2011) , but the used data must cover long time periods (Webb et al. 1988) . Because of this, AGN long-term monitoring programs are crucial for understanding physical aspects of AGN as well as for establishing cosmological constrains due to the wide distribution of AGN over different cosmological time-scales (Hönig 2014; Risaliti & Lusso 2017) . Long-term light curves are valuable to deal with open questions concerning AGN, particularly about possible periodicities and their physical origin (see Li et al. 2016; Lu et al. 2016, and ref-E-mail: andjelka@matf.bg,ac,rs erences therein). Searching for periodicity has been an important topic of AGN variability studies for about 4 decades, because confirmed periodicity would strongly limit the possible physical models and would help us determine the relevant physical parameters in AGN (Lainela et al. 1999) . Additionally, oscillatory patterns immersed in AGN light curves represent higher level structures in the time series, which are suitable for comparative analysis of these objects.
The time series investigation methods can be classified as shape-based, structure-based (or model-based), and dimensionality reduction (Ding et al. 2008) . The dimensionality reduction methods are based on data transformation such as discrete Fourier transformation, single value decomposition, continuous wavelet transformation (CWT) and discrete wavelet transformation (DWT), piecewise approximation, and Chebyshev polynomials.
Mostly, time-series analysis of AGN attempts to characterize the similarity between curves based on their shape (i. e. utilizing Euclidean characteristics). For long time series, as are AGN longterm monitored data, structure-based and dimensionality reduction methods could be more effective (Tenenbaum et al. 2000; Keogh et al. 2001; Wang & Megalooikonomou 2008; Aghabozorgi et al. 2015) . Shape-based methods, being based on Euclidean metric, compare only time series of the same length, does not handle outliers or noise, and they are very sensitive to signal transformations, phase shifts of signals, time delays, unsynchronized signals, etc. On the other hand, structure-based approaches look for latent similarities, usually by transforming series into a new domain, where similarity can be more evident. These methods can extract global features from the time series, and creating vectors of them can be also used to measure similarity and/or classify objects.
A higher level information hidden in AGN light curves-oscillatory patterns have been proposed to underlie variability phenomena in numerous AGN with the extent of periods from a few days to a few decades (see Charisi et al. 2016 , and references therein). In other words, even if red noise is present in AGN light curves, there is a non-negligible probability of detecting periodic behavior (Leighly 2005) . On the other hand, different values for the periods can also be derived, which depends on the data set and adopted method for testing (Kudryavtseva & Pyatunina 2006) . Thus it might be important to examine whether the results remain robust when the periodicity problem is investigated by a somewhat different method with limitations that light curves are combined from different monitoring campaigns.
Based on the above discussion, the aim of present paper is twofold. Firstly, to utilize a new data sets of 5 well known type 1 AGN, combined from several well documented long term monitoring campaigns, and then to detect periodicity in the combined light curves using a novel method. Secondly, to construct models capable to reproduce oscillatory patterns and phase space dynamics of the combined light curves, and to find physical relevance of detected oscillatory patterns.
The paper is organized as follows. In section 2 we describe the used AGN sample, their time series and method for detection of oscillatory patterns and phase trajectory calculation. Section 3 focuses in detail on the results of the application of proposed hybrid method for periodicity detection. Section 4 gives a new comparative analysis of oscillatory patterns and phase-space dynamics of combined and modeled light curves and Section 5 summarizes the main conclusions.
DATA AND PERIODICITY ANALYSIS
In the following, we briefly describe data sets of selected AGN, and then discuss methods and models used for the periodicity analysis. In particular we present for the first time the combined light curves: the continuum 6200 Å , and Hα of Arp 102B, the continuum 5100 Å , Hα and Hβ of 3C 390.3 and the continuum 5100 Å , and Hβ of NGC 4151. The combined light curves of NGC 5548 have been already published as well as the light curves of E1821+643, so their plots will not be repeated here (see references listed inTable 1 for details).
The light curves
An ideal data of ideal periodic phenomena would perhaps satisfy conditions of Nyquist theorem, so that a light curve with the duration of about 1.5 − 2 times longer than the claimed periodicity would be enough for period measurement. However, due to the transient nature of underlying oscillatory patterns caused by unfavorable characteristics of observed light curves (e.g. signal to noise ratio, systematic errors, irregularities), long term light curves are needed to establish a key aspect of periodic patterns in case of observed data (Fan et al. 1997 ). Existing optical light curves from different monitoring campaigns have been analyzed by different methods, but the information that can be derived from these observations has not been depleted. One of the possibilities is to combine these data into composite light curves, which could benefit longer time baselines and better sampling.
The characteristics of these objects encompasses the entire range of type 1 AGN activity (see Table 1 ): from Seyfert 1 objects NGC 4151 and NGC 5548 as prototypes of spectral type variation (from Seyfert 1.0 to 1.8), a very broad line and radio loud object 3C 390.3, then Arp 102B that is considered as a LINER and archetypical disc accretion emitter due to extremely broad, double peaked Balmer lines, and finally radio quiet but optically powerful nearby quasar E1821+643. Table 1 lists general information for each object: object name, AGN type, redshift, total period of monitoring programs, the combined light curve used for the analysis, mean sampling of the combined light curves, as well as the variability parameter-excess variance (see eq. (7) in Simm et al. 2015 , and references therein), and finally references from which the observations were taken.
We note that the AGN Black Hole Mass Database (AGNBHMD Bentz & Katz 2015) refers to a large number of published spectroscopic reverberation-mapping studies of AGN. But for our purpose we combined datasets for each object as follows:
(i) For NGC 5548, we used the light curves given in Bon et al. (2016) . The continuum 5100 Å and Hβ line are covering remarkable four decades long time span (see their Fig. 2) ;
(ii) For Arp 102B (see Fig. 1 ), we combined datasets of Shapovalova et al. (2013 Shapovalova et al. ( , spanning the period of 1987 Shapovalova et al. ( -2010 and Sergeev et al. (2000 Sergeev et al. ( , covering the period of 1992 Sergeev et al. ( -1996 ; (iii) For 3C 390.3, Fig. 2 , the used observations are from Dietrich et al. (1998 Dietrich et al. ( , covering period 1994 Dietrich et al. ( -1995 , Dietrich et al. (2012, covering period from September till December 2005), Shapovalova et al. (2010a Shapovalova et al. ( , covering period 1995 Shapovalova et al. ( -2007 , Sergeev et al. (2011 Sergeev et al. ( , covering period 2000 Sergeev et al. ( -2007 and Afanasiev et al. (2015 Afanasiev et al. ( , covering period 2009 Afanasiev et al. ( -2014 . Due to complexity of this object, it might be useful to search for periodicity information hidden in the other wavebands, i. e. the continuum 1370 Å, Lyα and CIV lines collected by IUE satellite from 1978 -1992 (Wamsteker et al. 1997 ) and from 1994 December to 1996 March (O' Brien et al. 1998  (iv) For NGC 4151, Fig. 3 , the light curves include observations from Kaspi et al. (1996 Kaspi et al. ( , covering period over two months in 1993 , from Shapovalova et al. (2010b Shapovalova et al. ( , covering period 1996 Shapovalova et al. ( -2006 , and finally we added two observations presented in Bon et al. (2012 Bon et al. ( , one from 1986 Bon et al. ( , and other from 1989 ; (v) Up to now, for E1821+643 the only information available are fluxes obtained from its the first long term monitoring campaign conducted by Shapovalova et al. (2016) 
Methods
Almost all AGN light curves show neither apparent periodicity nor typical time-scale. Their variations look like each other from largest (years) up to the smallest time-scales (hours). Namely, AGN fluxes exhibit self-similar or fractal variations (Kawaguchi & Mineshigei 1999) . On the contrary, detection of a periodic variation in AGN light curves which would resemble the supermassive binary black hole orbital time-scales are highly desirable (Popović 2012) . Such signals are weak, with long time-scale (i. e. low frequency Netzer 2013) and immersed in the fractal and noisy structure of AGN time series. Usually, low-frequency filtering methods require a certain prior knowledge of the expected range of periodic signal (such as Dietrich et al. (1998) , (2) frequency, phase, etc.). However, problems we are encountering are detection of a periodic signal in light curves when we do not know a priori that such signal exists or about its characteristics.
To address such situation, we proposed a hybrid method to detect unknown weak periodic signals in the AGN light curves, which is a modification of the recently proposed timing methods used Hα Dietrich et al. 1998 Shapovalova et al. 2010 Sergeev et al. 2011 Dietrich et al. 2012 Afanasiev et al. 2015 50000 51000 52000 53000 54000 55000 56000 JD -2400000 in geophysics (Pering et al. 2014 ) and acoustics research (Yang & Tse 2005 Kaspi et al. 1996 Shapovalova et al. 2010 Bon et al. 2012 47000 48000 49000 50000 51000 52000 53000 54000 JD -2400000 for investigation of transient or unstable periodic phenomena), and Spearman correlation technique that accounts for non-linearity and variable amplitude of the wavelet coefficients.
To account for the irregular sampling in our data sets, we use Gaussian process regression (GP), an approach that has been applied successfully in recent stochastic simulation/interpolation studies which quantified variability of quasar light curves with arbitrary sampling (see Pancoast et al. 2015a,b; Grier et al. 2017, and references therein) . Beside the interpolation between data points, GP also makes self consistent estimates and allows us to incorporate the measurement errors while making minimal assumptions about the exact form of activity of the object. It allows for a more flexible model which capitalizes on the data available and can model subtle but important differences within the data. To compensate the heavy influence of the recent data which are better sampled, we interpolated AGN light curves by means of GP obtaining 1-day sampled light curves. This time interval is short enough in comparison to the long-term periods (years) and thus can barely perturb the long-term variations. The GP approach is based upon choice of a kernel. For the calculations shown here, we utilized OrnsteinUhlenbeck (OU) kernel, since sometimes it is a good descriptor of quasar variability (see Zheng et al. 2016 , and references therein).
As a caution, we should note that OU (or damped random walk) may not be ideal for Seyferts or for all frequencies. For example Mushotzky et al. (2011) showed that the steep power spectra are inconsistent with the damped random walk, which is also confirmed in the analyses by Kozlowski. (2017) and Guo et al. (2017) . For details about OU covariance function (kernel) see Kovačević et al. (2017, and references therein) . Moreover, as the light curves seem to be sparsely sampled over long monitoring time, we show the examples of comparison between the GP interpolated and observed light curves in Fig. 4 . To exhibit parallels between fitted models, the observed curves were normalized to maximal flux.
Instead of calculation of CWT coefficients of the time series, our method determines bandpass envelope of given curves based on the complex Morlet wavelet function. Yang & Tse (2005) have shown in acoustic analysis that this approach substantially mitigates overlapping and noise-induced signal. We choose the complex mother wavelet function because it possesses two degrees of freedom (its real and imaginary part) to probe for structure in the time series. The complex Morlet wavelet transform of time series x(t) at an arbitrary scale a and for translational parameter b can be formulated as (Yang & Tse 2005) 
(1) where i = √ −1, ω is frequency of the wavelet function and β is parameter controlling the wavelet function's shape. Physically, CWT(a, b) is the energy of x(t) in scale a at time t = b. Then the envelope (env(a, b)) of the wavelet coefficients are given by the following metric expression (Yang & Tse 2005) 
where Re, Im stand for the real and the imaginary part of a given CWT. The next step is to calculate correlation coefficients of the envelopes of the wavelet coefficients of each light curve at each wavelet scale using Spearman rank correlation coefficient. Spearman's coefficient measure statistical dependence between two variables without a normality assumption for the underlying population (i.e. it is nonparametric measure). Since it uses the ranks of the values in two variables, instead of their numerical values, it is suitable for finding correlations in non-linear data and it is less sensitive to outliers. A confidence interval for correlation coefficient is constructed using Fisher's z transformation (see Hollander et al. 1999; Conover et al. 1999; Altman et al. 2000) . The probability p associated with Spearman correlation coefficient is evaluated using an Edgeworth series approximation (see Best & Roberts 1975) .
The level of match between oscillations presented in the two different light curves over a broad scale range can be visualized either as 3D correlation map (two axis are associated with periods in series and third is corresponding correlation coefficients) or in the form of 2D correlation map (two axes are corresponds to periods in two series while correlation coefficients are coded with different colors). Since the values of the position parameter b can be continuously varied, and the scaling a can be defined from the minimum (original signal scale) to a maximum chosen by the user, the CWT can be seen as a function of scales a as it is shown in Grinsted et al. (2004) . For the Morlet wavelet the period is almost equal to the scale (see Grinsted et al. 2004) . So the x and y axes of the correlation plots depicts scales a, or equivalently, periods. If the same period is presented in both light curves it will reveal itself in the high correlation regions centered on the 2D map's diagonal. The correlation between different periodicities (inter-oscillator correlation) would appear as regions of high correlation off the diagonal. The significance threshold for correlation coefficients was set at 0.005. We estimated periods by detecting peaks of correlation function which have largest correlation coefficients and p value bellow the significance threshold. The error of the resulting period (∆ P) was estimated formally as the half-width of the corresponding peak (Kudryavtseva et al. 2011 ).
Models
One of our ultimate goals is to give a physical interpretation to the obtained results. To do so, we constructed models that are capable to produce oscillatory and dynamical patterns similar to those found in our objects.
There are two types of such models: detailed and abstract (see Nakao 2015, and references therein). Detailed models intend to exactly reproduce as many characteristics of the observed system as possible. Such models provide the quantitative understanding of the dynamical behavior of the studied system. The other class, abstract models can capture some essential aspect of the system, such as rhythmic behavior. Their purpose is not to faithfully simulate all aspects of dynamical behavior of observed system, but rather to describe some universal aspect of its dynamics. Since it is not focused on detailed behavior of any specific system, but rather on the universal characteristic of this behavior, it can give a unified frame for describing the behavior exhibited by a broad range of dynamical systems. Hence, such models allow us to accumulate a deeper comprehension of the general processes existing in broad classes of systems. For our purposes, the abstract models are suitable, simulating the network of coupled oscillatory processes (Pikovsky, Rosenblum & Kurths 2001) . In such a model, the evolution of each oscillatory system is described by three degree of freedom, the amplitude, period (frequency), and the phase. So, to investigate whether interactions between oscillators could contribute to the variety of oscillation patterns seen in AGN sample, we created two models.
The first type consists of two interacting units Ua, U b , assuming that the interaction is linear and represented by the sum of one central and one remote oscillatory component. The guiding equations are given as follows
where A(t) and B(t) are amplitudes of the central and remote oscillatory process before coupling occurs; Ua(t), U b (t) are outputs of two units at given time instance; fa, f b denote the frequencies of interest in Ua, U b ; φ is the phase difference; τ is the delay between two units; cpi→j is the connection strength between Ui to Uj, i, j ∈ {a, b}; and W (t) is the red noise (i. e. Wiener process or Brownian motion). We generated W(t) on the time interval [0, T ] as a random variable depending continuously on all t ∈ [0, T ] and satisfying conditions:
is the normal distribution with zero mean and unit variance, due to this fact, W (t) is often called as Gaussian process.
For use in our model, we discretize W (t) with time step dt as dW ∼ √ dtN (0, 1) and found its cumulative sum.
In difference to the first model, the second includes one central and two remote oscillatory component given as follows:
Additional remote oscillatory component has amplitude C(t), frequency f c, coupling strength to central oscillatory process (and vice versa) cpa→c, cpc→a, phase φ1 and time delay τ1. The values for the variables in both models were set to the following: all parameters were always constant for considered time period, but were extracted from a normal Gaussian distribution for 100 reruns, separately for all involved oscillatory processes. In this way we have several degree of randomness: amplitudes, phases, red noise, and coupling parameter. Each trial of 2000 time points was defined in both models with resolution of 1 arbitrary chosen time unit.
To verify that similarities between real and modeled correlations maps are not accidental, we determined how dynamics of observed light curves compare to the dynamics defined by timeseries models. To this intent, we calculated the phase trajectories of observed and modeled data, since phases are most sensitive to interaction, and provide description of connectivity within dynamical system which discloses a simple interpretation (Kralemann et al. 2011) . The first step is to transform given time series y(t) = (y k (t)), k = 1, ..N of each object into a cyclic observable. This is completed via construction of a two-dimensional embed-ding (y, y H ) (see Kralemann et al. 2008 , and references therein), where following equation
defines the Hilbert transform (HT) of time series y(t) and PV indicates the Cauchy principal value (Balanov et al. 2009 ). To better understand the meaning of the HT, we can look at it from the point of view of a windowed sampling. The weight 1 t−τ can be interpreted as a windowing width so the HT is a convolution integral of y(t) with 1 t . Therefore, equation (5) emphasizes the local properties of y(t). To ensure existence of the integral, Lipshitz condition
, where L is a positive number. So if α = 0 in an interval, y(t) is discontinuous but bounded. We will not deal with Lipshitz condition here, however we will note that the most optical AGN time series satisfy it, since L can be found as a supremum of all differences in flux values. The original signal (y(t)) and its HT (y H (t)) then formulate a complex analytic signal in the following form
where i = √ −1. With this analytic signal, the time-dependent amplitude and phase information embedded in the original signal can be easily extracted. Since the HT amplitude is an index of vibratory energy and the phase is related to vibration frequency, such information is very desirable for characterizing dynamic characteristics of a system. HT is useful for long time series, low dimensional chaotic systems that exhibit transient chaos as well as for non stationary time series (Lai & Ye 2003) . Alternatively, one can use for y H the time derivative of y.
The similarity of underlying dynamics in observed and simulated light curves can be assessed by examining similarity of their phase trajectories in the phase space (y, y H ). If the oscillations are presented in the system, the phase trajectory in the plane (y, y H ) will be closed and can fill a certain annulus of phase space, called system's attractor (Nekorkin 2015) . The absence of periodicity will be manifested in phase space through a non closed phase curve. If the underlying dynamics is random, then the trajectory has no definite shape and spreads all over the space. Moreover, if phase trajectories stay within a finite (i.e., bounded) range of distance away from the critical point they are stable. The phase space volume of system with conservative dynamics is preserved as time evolves, while phase space of dissipative dynamic system contracts as time evolves (Grebogi et al. 1987) .
Finally, since determined periodicities are not obvious from visual inspection of observed light curves, it might be easier for the reader to discuss the reality of these variations on the basis of the comparison of the data and fitted sinusoids waveforms. Therefore, we applied multisinusoidal curves to perform the non-linear least square fitting of our data:
where n stands for the number of detected periods in the light curves, y denotes observed fluxes, and t is corresponding time.
From the fitting we estimate the following parameters: amplitudes ci, periods pi, phases φi and offset B which is a parameter that handles measurement data with non-zero mean value. As the archetypal periodic function, sinusoidal signal is a good reference point for comparison to the observed light curves. The goodness of the fit is assessed by estimation of χ 2 and correlation coefficient between fitted and observed data.
RESULTS
Here, we provide the main results of our periodicity analysis for each object (Figs. 5-10) . First of all we show the novel 2D correlation maps of fundamental periodicities for each object, which also depict links between oscillations in the combined light curves. Then we summarize all results in Table 2 . Since determined periodicities are not apparent from the observed light curves, Fig. 11 compares them with corresponding sinusoidal fit (Eq. (7)). The estimated parameters of sinusoidal models are given in Table 3 .
3C 390.3. The 2D correlation maps in Fig. 5 show the signature of the 6.3 and 7.1 yr period to be present in the continuum and Hα line. The method yields ∼ 0.7 for the correlation coefficients of both periods with a significance p < 0.00001. Somewhat weaker periodicity (correlation coefficient ∼ 0.5, but still significant) was found at 9.5 years. Note, however, that on the same significance level the periods of 4 years and 5.4 years are seen in two light curves but with negative correlation coefficients. Similarly, in the continuum and Hβ line periods of 10, 8 and 6.4 years are identified with even larger correlation coefficients than in previous case, while periods of 5.4 and 3.6 expressed negative correlation coefficients as in the case of the continuum and Hα line. These 'islands' of negative correlation are totally surprising and worthy of further investigation. We found significant periods of 9.4, 6.4, and 3.4 yr (correlation coefficients around 0.8) in the continuum 1370 Å and CIV , while negative correlation, stronger then in the case of Hα and Hβ emission lines, appears at 7.8 and 4.7 yr. On the other hand, largest negative links between oscillations in the continuum 1370 Å and Lyα are seen at 7.1 yr and 10.3 yr, while positive relationship is seen at 6.3 yr. The periods are consistent across all light curves except that correlation coefficients changed polarity differently in the case of IUE light curves. A visual inspection of Fig. 11 shows that multisinusoidal models are quite successful in describing the peaks and troughs of the original data. This is reflected in high correlation between the fitted model and original data (see Table 3 ). However, χ 2 is large due to inaccurate reconstruction in the large gapped period, because of the lack of data.
Arp 102B. While every period is incidentally correlated with itself (correlation coefficient equals 1 on the diagonal), any transient oscillations having physical origin which are hidden within the light curves should be reveled as clusters close to the diagonal. The main common feature in all correlation maps is the absence of any periodic variability (i. e correlation clusters), even in autocorrelation maps. This is well illustrated in Fig. 6 .
NGC 4151. The data set of the Hα line is long enough, for our hybrid method to clearly detect periods at significance level p < 0.00001. Obtained autocorrelation map (see Fig. 7 ) revealed three clusters of significant periods (large correlation coefficients) at 5.4, 8.3 and 14 yr in cadence. Phase curves of the continuum and Hβ line are quite similar to phase curve of the Hα line but their main loops are open. Due to this discrepancy in dynamics, detected periodicities of ∼8 yr and ∼5 yr (corresponding to the smaller loops in phase curves) in the continuum and Hβ line are not reported in Table 2 . Hα is only longer than the continuum and Hβ due to the two data points (MJD 46511.49 and 47603.29) separated by ∼ 3 years. Exclusion of these data points from the Hα line produces open phase curve. It appears that these two points Table 2 . Periods in the combined light curves of our sample obtained with the hybrid method. Columns: object name, CLC1 and CLC2 are combined light curves used for periodicity analysis, P ± ∆P is determined period and its formal error, r is correlation coefficient corresponding to the period, 95%CI is 95% confidence interval for r, p is significance i.e. p-value for r. Table 3 . The estimated parameters of sinusoidal best-fitting (Eq. (7)) of normalized observed light curves. Columns: object name, light curve, amplitudes c i , periods p i , phases φ i , offsets B, the correlation coefficient between the modeled and observed light curves r, and chi-square goodness of fit χ 2 . Each line represents a set of parameters for one sinusoid. Figure 5 . 2D correlation maps of all periodicities within the range 100 − 4000 days found in the light curves of 3C 390.3. In panels the horizontal axes are periods in the continuum at 5100 Å and 1370 Å, respectively. Since correlation coefficients are symmetrical, the upper triangle of each plot is a reflection of the corresponding lower triangle, however, it is presented for better visualization. The areas of high correlation are marked in red. Note the prominent blue clusters of negative correlation. Spurious non-physical signals (such as the dark region at about (1800, 3100) days, in the right bottom panel) appear as uncorrelated (not reflected across the diagonal), because they are uncoupled from real physical processes. Absence of off diagonal correlation clusters indicates that oscillations are caused by physical processes within 3C 390.3.
have quite an effect on the topology of phase curves. The associated multisinusoidal fit is estimate as in the earlier case. The three sinusoid model is undoubtedly superior to one sinusoid model as is evident both, from the correlations between fitted and observed values and from the χ 2 parameter (see Table 3 and Fig. (11) ) .
NGC 5548. 2D correlation map of the continuum and Hβ line shows segregation of correlation coefficients into single elongated cluster (see Fig. 8 ). The cluster is smeared between periods of 11.75 and 14.23 yr. There are no off-diagonal clusters indicating synchronous coupling of period of about 13 yr (approximate center of the cluster) in those light curves. Peterson et al. (2002, see their  Table 8 ) reported significant changes in the Hβ lag during their 8 yr monitoring program. We tested variability of the time lags between the continuum and Hβ emission line by means of windowed Z-transformed discrete CCF (Alexander 2013, ZDCF) . Both time series were splitted into 20 non-overlapping time segments (of different lengths (Ti)) centered on ti, i = 1, ...20. Each segment encompass either convex or concave parts of the light curve. The results of the ZDCF correlation analysis are summarized in Table 4 . In Table 4 , the time window used for ZDCF is given in column winMJD. Mean, median sampling and total points in the continuum and Hβ line segments are given inPcont, Pcont, N1 andP line , P line , N2, respectively. τML is basically the time lag corresponding to the peak of ZDCF rmax nearest to zero lag, and it also has the largest maximum likelihood parameter ML.
In Fig. 9 . we show τML as a function of the centers of nonoverlapping windows presented in Table 4 . Even the size of set of time lags may be small, we fit a sinusoid (see Fig. 9 ), which assumes the periodicity of ∼ 4600 days. This function is intended to guide the eye along the data points, not to state that time lags behave necessarily periodic. The fitted curve does not pass through all the points, but we note that about the half of the points are on each side of the curve. It may be worthwhile to mention that there are reasons to expect periodicity in the time lag evolution curve, since BLR size varies with the mean optical luminosity . By contrast, the estimated sinusoidal fit to the observed light curve (Table 3) is of poor quality, because data are highly volatile, with frequent peaks and troughs, which are often quite sharp (see Fig.  11 ).
E1821+643. Using the data for all light curves, our method yielded periods at ∼ 12 yr, ∼ 6 yr and ∼ 5 yr (see Fig. 10 ). It is interesting that periodicities have been revealed in the case of Hβ emission line. One can note that the period of ∼12 yr is about twice of ∼ 6 yr period. The correlation maps of E1821+643 show a tail of smaller periodicities disconnected from the prominent cadence of clusters of longer periods, but it is globally similar to the topology of periods found in NGC 4151. Three sinusoids fit is of comparable quality to the case of NGC 4151 (see Table 3 ). 
DISCUSSION
In general, the derived optical periodic variability of our AGN sample is in agreement with previous investigations. However, our hybrid method revealed specific topology of correlation between oscillatory patterns in the light curves that were missed in some other works. Particularly, we can more clearly separate objects according their oscillatory patterns. In the following, we discuss these oscillatory patterns from the point of view of abstract models of coupled oscillators. For each source we constructed such model which resembles detected oscillatory patterns. Double-peaked emitters 3C 390.3 and Arp 102B. Our hybrid method made distinction between these two objects based on the Table 4 . It shows the estimated time lags between the continuum and Hβ emission line from windowed ZDCF against the center of time windows. Superimposed solid line is the best-fitting of a sinusoid of period ∼ 4600 days.
presence (absence) of underlying periodic variability, despite that the differences in their shape of spectral lines are subtle. 2D (auto)correlation maps of Arp 102B have simple linear shape, but for 3C 390.3 a manifold of substructures is superimposed. Namely, our analysis has shown the fluctuations in the interactions between the oscillations in the continuum and the emission lines of 3C 390.3 due to substantially different levels of correlation polarity. The clusters of correlations are divided by gaps of very low (or no) correlations, and the islands of correlations switch their polarity (between positive and negative values). This can be seen as an evidence that there exists an activation process which reduces correlation coefficients (from positive values up to zero). After, different relationship is evoked between the periodicities in light curves (e.g. negative correlations). The break off of the correlation band (on diagonal) may be due to the change of variability in the light curves or due to the modulatory effects of some unknown background factors, which may have certain cycles. We applied the hybrid method to a series of artificially non-linear and non-stationary oscillatory signals simulated by Eq. (3) and (4) with unidirectional and bidirectional coupling. The degree of non-linearity/asymmetry is controlled by the ratio (differing from 1) of the periods (frequencies) of the sinusoids. To introduce non-stationary mechanism, we assign a random values between 0 and 10 to the amplitudes of signals, while they were fixed over trial realization, adding the red noise. 2D correlation map of bidirectional coupling of three oscillatory processes (see Fig. 12 ) is almost matching the map of the real light curves.
We could not produce correlation image with negative 'correlation islands' if the time delays between processes are different. We note that time delays between the continuum and the Hα and Hβ lines are ∼ 120 and 95 days, respectively, as reported by Shapovalova et al. (2010a) . Based on this, one can see the importance of value of time lag for expression of negative link between oscillations which implies that physical places of oscillations sources are somehow functionally related to each other. For example, such relationship can be 'hot spot'. Jovanović et al. (2010) showed that two large amplitude outbursts of the Hβ line observed between 1995 and 1999 in 3C 390.3 could be explained by successive occurrences of two bright spots in the accretion disc. The phase plots in Fig. 13 illustrate comparison between behaviors of the continuum and one of simulated curves from oscillatory network model for 3C 390.3. Both curves show a specific mode of dynamics, generating a major loop (large amplitude oscillation) and the formation of secondary loops (small amplitude oscillations). This confirms that the signal of oscillations is not a monocomponent but a multi-periodic. Both trajectories cover evenly the section of phase space shown here. Particularly, there are no single regulation points at which multiple loops of both trajectories can intersect. The main loops of trajectories are of different diameters due to different amplitudes of real and simulated curves. The secondary loops can be regarded as a hidden attractor.
A specific topology of Arp 102B correlation maps indicates either that periodicities are absent from light curves or that coupling between oscillatory processes is weak. We have created about 100 pairs of artificial curves consisting of 2000 points based on two linearly and weakly coupled oscillators (see Eq. (3)). For reference, the most realistic realization of simulation producing the correlation image matching the linear oscillatory patterns of observed light curves is presented in Fig. 14.
In comparison with 3C 390.3, it seems that with decreased coupling of oscillators of Arp 102B, the clusters merge, decreasing the variance of the distribution of oscillation periods, which eventually results in a system where oscillations are absent. There is a very close match between phase portraits (see Fig. 15 ) of observed Hα and simulated curve demonstrating that the model of weakly coupled oscillators is capable of capturing the dynamics of this object. Note that phase trajectories appear to cross over themselves. Actual trajectories in 3D space (adding the time as third coordinate) are spirals and do not cross. The apparent crossings are due to projection on 2D phase plane. They are similar in topological sense without forming the smaller loops, but they are non closed, indicating either of weak coupling between oscillators or absence of periodicity.
The lack of oscillatory patterns favor non binary BLR hypothesis for this object. This is in line with recent study of Liu et al. (2016) , where is reported that the estimated Arp 102B mass of 1.1 × 10 8 M (Shapovalova et al. 2013 ) is far less than 10 12 M which is obtained under binary black hole assumption. The topology of correlation map of oscillatory patterns of Arp 102B which we found, can be best explained in the context of the process causing gradual variations which are stable over long monitoring period. In spite of both objects 3C 390.3 and Arp 102B being classified as double-peaked emitters, we have shown that underlying topology of their oscillations mechanisms are quite different, suggesting different physical background (see datailed discussion in Popović et al. 2011 Popović et al. , 2014 . Supermassive binary black hole candidates NGC 4151, NGC 5548 and E1821+643. Again, our hybrid method discerns the oscillatory dynamics of studied objects. Cadenced topology of three detected periods in the Hα line of NGC 4151 led us to suspect that periodic signals can be non-linearly coupled. We simulated such coupled oscillatory system using following equation
where the non-linear coupling is introduced by squared term Ua(t) 2 . Simulated curves consists of sum and multiple of base sinus signals of periods of 500 and 300 arbitrary chosen time units. As a consequence, periods of 2 * 500, 2 * 300, 500, 300 are accompanied with an interference patterns 500 + 300, 500 − 300 (right plot in Fig. 16 ). Comparing this scenario with autocorrelation of periods in Hα (see Fig. 7 ), the largest period of 13.76 yr can be interpreted as interference pattern (i.e. sum) of two smaller periods of 5.44 and 8.33 yr. If presented, off diagonal correlations clusters among different periodicities are an indicator of an asynchronous coupling. Note that the correlation map of NGC 4151 does not have such topology, which implies that the coupling between periodicities in this object is synchronous. One way to enhance synchronization among nonlinearly coupled oscillators is by increasing the coupling strength between them. Due to this, in the model both coupling strength were set high (see Fig. 16 ).
The phase portrait of the Hα line (see Fig. 17 ) shows formation of three smaller loops outside of the main loop, confirming mult-periodic oscillations found in 2D correlation map. Moreover, from the same figure it can be seen that the numerical simulation shows similar phase trajectory, except the size and the position of a heart-like smaller loop. This is a consequence of higher amplitude of associated component of oscillations in the model. On both curves the major loop corresponds to the relatively stable periodic motion of larger amplitude, while smaller loops correspond to the oscillations of smaller amplitudes.
The variability of the continuum and Hβ line of NGC 5548 over 30 year (Sergeev et al. 2007 ) and over 40 years (Bon et al. 2016) , has revealed sharp peaks which are similar to the case of NGC 4151, suggesting presence of non-linearly coupled oscillations. Moreover, cross correlation functions (CCF) between the continuum and Hβ line over long time span estimated by (Sergeev et al. 2007, see their Fig. 4 ) are centered and non deformed, suggesting synchronization between those two light curves.
1 Namely, when the system is asynchronous, the magnitude of the typical CCF values are smaller and asymmetric (i.e. shifted), while synchronous system exhibits larger and centered CCF values. Fig. (18) illustrates the effects of asynchronization between two sine waves with frequencies of 2π 10 on their cross correlation function. The starting phase of one sine wave is 0, while the starting phase of the other sine wave is −π and both signals are contaminated with red noise. The calculated CCF is clearly shifted and its values are reduced.
Due to these facts, we considered the same coupled non-linear oscillators model as in the case of NGC 4151, but with three times smaller coupling parameter (cp b→a = 0.2). Fig. 19 depicts correlation structure of simulated signals. There is pronounced elongated cluster at prevailing period of 500 days. The other period of 300 days is more subtle due to its association with smaller coupling coefficient.
Dominant presence of larger period (i.e lower frequency) is similar to situation described in Farris et al. (2014) where was simulated two-dimensional (2D) hydrodynamical simulations of circumbinary disc accretion in the binary black hole system. They found low frequency mode as dominant component for the case of binary black hole mass ratio q 0.43 and that it corresponds to the orbital period of a lump in the inner circumbinary accretion disc, rather than to the orbital binary period. However, their simulation revealed that low frequency is associated with cadence of higher frequency harmonics. Thus, the scenario of the orbiting lump within the circumbinary disc is more applicable with regard to the cadence of periodicities found in the case of NGC 4151 (see Fig. 7 ). The predominant periodic oscillation (∼ 12 yr, i.e. ∼ 5000 days) can influence other physical properties of this object, i.e. the size of the BLR presumably. From the inspection of Table 4 , it is apparent significant variability of the Hβ lags. The time evolution of ZDCF lags shown in Fig. 9 resembles almost periodic behavior of 4600 days, judging by only the data points. However, some of the error bars are very large indicating that within the errors there is no periodicity. We noticed that the largest error bars occurred for the time windows where the dissimilarity between portion of two light curves is evident and/or a few events (flares or dips) are presented in one portion but absent in other. The flares are predominant in the continuum within time windows MJD 42500-43250, 43250-44000, 44100-44900, for which the errorbars are the largest. Possible variations in the Hβ lag have been noticed earlier. Variations of the BLR size of NGC 5548 are between ∼ 5 and ∼ 30 light days and they can arise due to numerous physical reasons(see Peterson et al. 1999; Lu et al. 2016) .
Moreover, in Fig. 20 has been shown the phase space trajectories of the continuum and simulated curve. In difference to previous cases, distinct periodic waveforms are not present. Namely, instead of regular oscillation, the presence of several limit cycles forming a wide ring is observed which is somewhat similar to the chaotic behavior with random wandering of the states in the phase space. This is in accordance with the large correlation cluster seen in correlation maps of the real (Fig. 8) and simulated curves (Fig. 19) . Namely, we can suspect that if the amplitude of driving oscillator is strong enough, period overlapping occurs, which is triggering chaotic behavior. This is in line with the fact that chaos can be born from an overlap of fundamental frequencies of an unperturbed system (Terzić & Kandrup 2004) .
For E1821+643, Kovačević et al. (2017) derived averaged periods of 4.78, 5.83 and 12.19 yr from all models of the continuum 5100 Å , 4200Å , and Hγ emission line. However they could not conclude anything about periodicity in the Hβ emission line due to presented large noise. Its 2D correlation maps are quite similar to the case of NGC 4151. Particularly, if we look at phase portraits of the light curves (Fig. 21 ) normal limit cycles are observed in the dynamics of E1821+643. They are quite similar to phase portrait of regular sinusoids. We note the presence of two smaller elongated loops in all phase curves reflecting two smaller periods. Also, boundedness of the phase portraits confirms the stability of process. One can think that small variations in the light curves of E1821+643 (e.g. for the Hβ line Fvar ∼ 7%, see Ilić et al. 2017) , can be a reason that oscillatory patterns are not distorted. Based on the above discussion, NGC 5548 and E1821+643 represent dynamical extremes, the most chaotic and stable in our sample, respectively.
The correlation of oscillatory patterns in the continuum and emission lines of all objects (except Arp 102B), can be a consequence of a more general correlation trend between the continuum and emission lines fluxes of these objects (see discussion for correlation between continuum and Hβ emission lines of these objects in Ilić et al. 2017 ). In addition, as time coverage of observations of NGC 4151 continuum is shorter then time coverage of observations of the Hα line, our study did not investigate how the weak (or even absent in some time periods) correlation between the continuum and emission line fluxes of this object (see details in Shapovalova et al. 2008) would affect the detection of correlation of their oscillatory patterns. Finally, to investigate the periodic characteristics of the sample, we correlated logarithmic values of obtained periods with AGN optical luminosities and with their BLR sizes. Our findings of absence of any such correlation trend, do not contradict current understanding of relations between those physical parameters of AGN ), but show that it is independent of correlation between continuum and emission line fluxes if presented in the sample. Moreover, the fitting of multiple sinusoids to the observed light curves (see Table 3 and Fig. 11 ) identified periodicities very similar to those obtained from hybrid method (see Table 2 ). Thus, all fitted multisine models (except of poor fit of NGC 5548 data) unanimously support the existence of periodicities detected by proposed hybrid method.
It is important to acknowledge that in addition to the signal to noise ratio, errors and irregular sampling, the stochastic behavior in red-noise dominated AGN light curves can easily imitate periods with less than several repetitions, so some of detected periodicities could be due to this effect. It does not imply that the behavior is physically unrealistic, or that it is not occurring in the lines and , and time delay of 100 arbitrary chosen time unites. Right: corresponding 2D correlation map, which clearly shows three clusters related to fundamental periods as well as clusters of negative correlation. the continuum in a causal way, just that it is not part of a periodic oscillation. Whether or not all (or particular) AGN variability could be caused by superposition of many oscillations is an open and controversial question and beyond the scope of our work. However, we note the oscillating structures have been modeled (Tassev & Bertschinger 2004) as particle like (blobs or hot spots, with or without resonant interactions) and waves (oscillating tori, discoseismic waves). Even derived analytic solutions for accretion discs are stable against finite perturbations, these perturbations could still excite oscillatory behavior. A local restoring forces within accretions discs can rise oscillations (for a details see review Abramowic & Fragile 2013 , and references therein) such as: local pressure gradients running via sound waves, buoyancy forces operating via gravity waves, the Coriolis force acting through inertial waves, and surface waves appearing due to the local effective gravity. Such mechanisms have been argued to power the quasi-periodic oscillations. Particularly, families of oscillations of low order modes are of special interest since they could exist in different accretion disc geometries. Such modes will show tendency to have the largest amplitudes and produce more visible variations than their higher-order complements (Abramowic & Fragile 2013) .
CONCLUSION
We searched for oscillatory patterns in the new combined light curves of 5 well known type 1AGN using a novel hybrid method and oscillatory network models. The results of our analysis are summarized as follows:
(i) We find strong evidence for periodicities in the combined light curves of 3C 390.3, NGC 4151, NGC 5548 and E1821+643. The absence of oscillatory patterns in the combined light curves of Arp 102B distincts clearly this object from other.
(ii) We constructed the coupled oscillatory models which resemble detected oscillatory behavior in the light curves and confirm their physical background. In the case of Arp 102B the absence of periodicities can be concealed by either unfavorable time series characteristic or sufficiently weak coupling between oscillators mechanisms as our model suggests.
(iii) We demonstrate that dynamics of two binary black hole candidates NGC 5548 and E1821+643 converge to chaotic and stability regime, respectively. Figure 20 . As in Fig. 13 but for the continuum of NGC 5548 and simulated curve (details are given in the text). Note chaotic like appearance of both curves.
